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Major General Andrew T. IoNsasra
The Qiasrtrmaeter General
Wauhingftoa 25, D. C.

Deaar General Mannmat.

This -report, lInveat..gation of Ballistic Proteotive Materials.ro
Twrriowv&4 Arw~r," is uh& firat in a a~cioa pros~nting &snrirgy abaorption
data and balliatto linits !or £ number of miaterials. The investigation
in e3xpecte W provide intorm&4tion on the design of iooeposite arm~r that
will owtine the protective q41&tieu of all materials used in the. snow

This atudy reveals that the missile reta-rding and stopping prnpcr-ttee

vrlnrityv xnd II17', of the lrmpact~ng misatle. Worenver, it has been found

that comb:InAtiona of materials properly poaitioned in the arnmr structuire
ean provide pgreatFkr ballistic protection per unit wvight than any single
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.1 .ncl G , AWA
QKIE-lh1aJ'jor General1, USA
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The recopsised efficacy of xmr, an onatratet b;y the metW helolt J
in Varld War 1, by flyrer emrau in World ar 11, eand by the Aimw vast in
Korea, eaft net *bviata tLw mesA fo prowlding proteitlau to the efleat
soldier aetfht bettleftelt teailaa of u13., TaleoaitY and saPe differes
tram these whisk- asbe AireS by presn ut.wo teeter piflati by '
AUsi, eqwtelatm tho ramwrlng lee effeuetiw mtlu-perscm2. weeps
of the O", Will renit I& "Vsa~iq aslMUmal 3ine eA" Md"~ or Mini-
a~istg of injuries, with comaselmt maittemee of the combat Inm.

tiplonatory work (~ua vsmmu mohaleal Report cF-5) has shown that
the den10somt cot minio Noi4i" a peste"ro at'so poteatisa 50om
Possible tk'~ the %" of sin'o meefrastie astsistin of Ve or ort
oomenwmt inonter s S everal empaitesm of two aasebaaata wab fooadt to

caisti ran stanc [tilts tar tin "a.t 9f itber cjw

ofoilareal belty. The bate smiaete for seleotle of materials
ama tsir oiler inl no ivr etnustue is tVat tM aot WVfeets ntretis-
tJ 6-s-9Le&A 11*- seat=V40A V120f th tsiawlOelty00 rwrn-therU1stklria
passes %Math front to the rear ef the saru. Data shboeing the effect-

81ws. o atcfila arort a wide r~em of atastle strlbdsg welseitiee sAd
for a vwisty of batt01Ate Mattels (or xisleU siiser) reCycly
rsjhred before mimer eanatratinse eam be di~eat witkh1 bJ rorci~etcs/r

dQnir4seac Im jfit* drelcwn in arlmor will~ aaa±:fft ine avodin
sorptiln datalttand of~ti efoiirt, an wllinform theO forros -usiet of8n
ofwhteZ might 13* ezpecti-d in ther future.i-rit

activiies iter-sled i arý.rlna e, an oo~px t. atoicpo tivato

QN Hand E Centearc m Ls'ratolWn m. &-,marni~l Engiaer'ing a ividiongn

A.povd STUART RI~lPd.S .!(ENNKD, Ph.D.

gejentilg Oficeflr~" Chle?

QM Ixmarearh & 1ýngineering. Ckojatmi TciiA -z- Clothing & Fo7t'wnr Univ.
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This report 1s sb* first in a series preseati s mrg absorption
daa and ballistic resistance linits (VqgI for a variety of mutiriale.
These data ofe ewotam to be useful toThuiWlg compofltkepe w
armor,, *ocsisittng of two or awe Alesitlar eaowntu,~s tatA 4AS. bm"
a better ysweflic/wv*Lgt rttio tbw a* SýuJStWri&1 armr. ftU
report presets Rate obtained with the .fl cal~ber, 17 psia fl?7 fros1 -
aunt ssa Po*jeetile for nime aterlals (ny.Ua bevflIaq, nYloa
fabic., 1J02 ??a, glass fabric,, po34pner rei ___tp ui.,P4

alloys A-3l0A sand Ti..iN0A, 41s1 301 corroal-". rusisting stool and
Nladf!el a' eet)."

The caft-a rahc nekt 4nasak sw+rn4w &i,#iifýr wrkhiA~Iw 4n the Ali -
tyb W ~ stop .imutkea sAd to retard pwaetrallag misasils Ple

energy last 'ObyM- nmatntdu 4 14 viaaa4jte &h 4a A.fl('' m

wemity of the ateflal vas ftw to be yul1aaItv4Wemaowt for &Dl
attwa~iwrW PibtenmtT~ locup vIth

missile .triking vetlocity.
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M IGAIEW OF B IMT PR(CWTiV MATMIAL FOR PERSOEL ARMOR

INTRMOTI0N

Armor yorn by the soldier hass, generally, consisted of a single
Protective material. When more than one material has been ued, the
Meason ba& been one of Cozrenience or one of ntilizing a specific prop-

ertY not Obainable with the material chosen specifically for its pro-
t~ete characteristics. For example., the non-protective functions
required of the metal heluet shell and pl.-stic helmet liner, when used
selirately, have led to the use of two Aissimilar materials. Another
e.viple is that of the couination of overlapping metal plates backed
by nylon fabric used in World War II flyer's armor. In this case, the
comfort of fý3ric vas preferrd- to the discomfort of metal,

Within the last twelve years, several investigators have proposed
and demonstrated that certain specific combinations of materials possess
a higher ballistic resistance limit or missile, stopping abil±y than
single material armor of equal weight per u area. WebsterW-) in 1945,
on the basis of his experimnts., calculated that a glass-Doron coubina-
tion was superior to either component and to Hadfield steel as well, in
providing V ection against small aeas fmre. In 1953, Weinberger :.'.
Delcellier• reportes that the ballistic resistance of fabric armor
could be increased by a combination of fabrics which took maximum ad-
vantage of each fabric's behavior at different veiocity levels. A
practical application of this finding was the use of both nylon and
Fortisan fabrios in the Canadian armor vest. Also, in 1953, Weiner(3)
reported that an improvement in ballistic resistance limit was obtained
by selecting, for the front layei-s of a fabric armor structure, a fabric
highly resistant to shear and,, for the rear layers fabric of high
resistance -to yarn slippage. In 1955-1956, Alesia) proposed and
demonstrated, with titanium-nylon fabric and polymet•yltmetbacrtylate-
polyrinyl butyral composites, that armor consisting of dissimilar mater-
ials ' greater ballistic resistance than any one component material of
equal weight per unit area provided the component materials are properly
chosen and pocitioned in the armor asse1y .- th re-pect to the direc-
tion of missile approach. Tha cavponents in the front portion of the
armor are selected from materials eTfective in reducing the velocity of
the missile and the rear compoaente are chaosen from vaterials effective
in stopping missiles. In thibs armor design, each component opposes the
nissile in the velocity range in which it is most offective in retard-
ing (and ultizately stopping) the missile.

Energy absorption (missile velocity loss) data for various mater-
ials tested with a variety of battlefield missiles or missile simnilators
over a wide rarge of striking 7elocities are being determined at the QX
R"E Center to oer-it thm dzsigu of improved composite armor. This
report is one of a series presenting energy absorption anz ballistic

1
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MreIstnCe (V'~ limits) &ate Obtai~dCinagle 532s ateialS and @owuitn -

Da~ta will be IresNtet in the series for test. Coo*.tdno with caliber
.l0ý 45, aMA .22 trapot sialatiuu projectiles, flechettes (am. or

moetype or vWSM tat1 apsig qam awailability) and lmr-ve4Mb misslesm
of regular goeatrib eeetigwration (spbu~rs eand cube.). Tests will be
ocatmUct at vmlmeities vp to at least 4#,00D feet per sseet. Natefalms

vdIii be tested In the imag of areal Assetlts sultsbie for perehmnil
armor,, 4,, 10 to 30 mean pr square fee-t. Max. iam-port esents rnar
ubarptic'an data amA 150 bllistic releteace limits StarminA wiUth fe
.22 caliber 237 tr*mpit siumAlat~ng projactils for Dime materials teNet
singly. Tmivpu oi materials incikes metale, plastic., textiles eand
glass.
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tMw intonate for which date are j mseate in thu report are flusted
in Table I.

TA3IZ 1. Tbihiekus and AnsI. Denuity of Mkaterala T*tfl

NOLA~al Ar~l ot uuty
Material flakoama (Itwb.) (o2. 2!rasq. ft.)

Nylon Mxnr Fflrlo (3p 68h 12 iqmra) It.8, 9.6 & 19.2

Nylon 3attiu - 6.i and 13.1

Dormc 1/8 19.2 am 21.1

Wtindo laai 418

11ntlaI- UVA 41/Q40- T

TitanmiiAZ1lnrA-110f AT.m63 11. 0

Titmiva Afloy 1 i-i0 A 0.0"631.
Alwnim AlIloy a2024 - T3 1/S 29.0

Aluinum~ A.loy 2IYcP$ - T4 ./k 7.

A181 301 Corrosion
Resisting Steel o.oko 25.7 -26.3

Hadfield Steel 0.063 37.9 - 40.0

A 4iscrl.ption of these mý,eriela in giver, in the foilovina soction.
*Properties for uom of these materials as e stn~alished 'by specificatkioau,
*industry *kt~uadsrU or by actua.l t-sats Arm grl-nn in Appendix A.

Nl~m Armor Fabrice

Tb'. nylon arstr- fabiric tested Is a standsxd nylon armor fabric pro-

cn1r)9(A ()W, 31 .uatakrY' 9-5.

Tira fabric constructitrn is A 2 by 2! bm-sket weave 1-idth two eM-4s
wesflnUi FLO One sna weo PICK& vantng uLS one. The %warp Aan filling
YrneU Consistit of fiveo pUAOL of 2Qnan. I rLt'infn nylnt *k~Al

together vilU 3 to 4- tUrss Per inch- The fibers are e.4 high tewai-ty,
bright filwaasnt, nylrtnr 66 ('polyhsxaawthylenc adipamide).

te
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The materials for vhich data are iresented in this report are listed

in Table I.

TABLE I. Thickness andr Areal Density of Materials Tested

Nominal
Nominal Areal Density

material Tbicknss (inches) (oz. per s&. ft.)

Nylon Armor Fabric (3, 6 & 12 lyers) 4.8, 9.6 & 19.2

Nylon Batting - 6.14 andr 13.1

Doron 1/8 19.2 and 211

Window Glass 1/8 23.3 - 26.0

Mei•glas II - UVA i/.k 24.0 - 24.7

Titanium A113y A-3I0 AT 0.063 2k.0

Titanium Alloy Ti-140 A O.o06k 214.5

Aluinw. A&lloy 2024 - T3 1/8 29.0

Aluminum Alloy 2024 - Tk 1/4 57.0

AISI 301 Corrosion
Resisting Steel 0.040 25.7 - 26.3

Hadfield Steel 0.063 37.9 - 40.0

A description of these materials is given in the following section.
Properties for som of these materials as established by specifications,
industry standards or by actual tests are given in Appendix A.

NylonAruor Fzbric

Tbk- nylon ar1r fabric tested is a standard nylon armor fabric pro-
cured by the Quarter=mster Corps under Military Specification MIL-C-
12369(A) (Q_ , 341 Jauary 1955.

The fabric construction Is a 2 by 2 basket veave vith two ends
veari" as me and two pics wtvlong as ones Tbe irp and filling
yarns consist of five pliee of 2aIO-'o,&v'-i 34-fi-k-a--4ew nt !!1_ fnw-~_iw'i
togertbr with 3 to 4 turns per inch. The fibers are a. hiih tenanit7,
bright fAileu, nyim- 66 (Vo3$mumtbY1e= adipsmide).

CONFIDE NTIAL
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The physical characte-istics of the fabrics are given below. (Data
from NIL-C -12369*).

Weight per Yarns per Inch Breaking St--wgth Ultimate
Square Yard (lbs.) Elongation ()

(oz.) w Lj.a w Fili waxy i

14.o 46 0o 850 775 25 20

Nylon Batting

The nylon batting tested is an experimminra product of the E. I.
duPont da Nemours Companz, Inc. This is a non-woven, nylon filament
Structure prepared as a needled batt. This product is idgentilfied as
"nylon non-woven ballistic batt (can*Udate for belmnt liner)." It was
tested in areal densities of 6.4 and 13.1 o-nces per square foot.

Doroa

Doron is the name given to glass fabric-laminate armor developed by
the Qvarterswater Corps during World War II. At present, It refers to a
specific uni-directional glass fabric cross-lainaited vith a thermo-
setting, vasaturated polyester type resin. A description of this type of
armor m-te-i.Jl is given by specification MIL-I-17368 (MC) Insert, Body
Armor. Dorom of 1/8-inch nominal thickness from two sources wve tested
since suffIcient material from one source was not available. One was
manufactured by the Continental Diamond Fibre Company and designated
grade CB - AL. The other was flat plates taken from armored clothing
believed to have been produced in 1950.

Glass

WindoV glass, obtained from replacement stocks at the QM R&E
Commnd, was tested in a nominal thickness of 1/8 inch.

PolIymethyl Nethcrylate

Plexigla" II - UVA, a heat resistant grade of cast acrylic. sheet
with good resistance to ultra-violet radiation,, manufactured by FRoh and
Haas Co., vas tested in a no•inal thickness of 1/l inch.

Titanium Alley A-!!0AT

TitanivA Alloy A-IIOAT is a single-phase, so-called alpha-type alloy
having relitively high strength at eic-ated temperatureswith excellent
welding cheracteristics. It reprecents the first coercial productican
of a titana!m 1aay ct*_aiing an &ppreciable Vu1.tity of tin and was
A.vm.eloyad Primarily for aircraft structural applicationms. The A-IIOAT
.l~oy also~ eines tv , •~ellent fati•-.- :tr~-t-th and high creep

strel/th at elevated tzoperatures, with mehinability.

CONFIDENTIAL
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Titaim A-1ibM (Heat No. Dl-.21.530) was procured from Rea-Cru

TitUaiu Inc. Mid4land* fa. by the Wkord Corp., Detroit, Kichia
for belwbt-f amng evlvations uuier Coxtract DA19-1S209-151, Nev
3Mtallic Alloys for Helnet Applicatims. It was procured to !IcCord
Corp. spcifteatioss rather than to Me ~-009046(AsG). The thicknoss

aS 0.63 if~h,' te d ity 0.161 lbs. per cubic inch, sad the mterial
was in the annealed condition.

Tit~lani Aglo Ti-110A.

Tit•auin alloy Ti-1IQA is a two-phase, so-called alpa-beoU tMe
alloy having relatively high strength in the annealed conaition, high

tmpeatwe stability sad good impact resiswtance. Folloving the usual
pattern In tita, d alloy developmat, this aloy is prmerily of in-
terebt for aircraft. Ballistic interest was baed On potentially good
ball.stie and &iag (helmet) eharacteristies. Helmet drawing evalvua-
tions, to date, have not confirmed predicted good drawability.

Titanium Ti-liOA (Heat No. 33073) was procured from Titanium
Metals Corp., New York,. New York3 by the Bureau of Ordmance, Navy
Departumt. Chfmlcal analysis and mechanical property tests were per-
formed by the Naval Gui Factory. (&eW Appendix A.) It was furnisbehd
to the McCord Corp., Detroit, Michig•a for helmet forming evalýuatioms
unwe- Contract DA19-129-QM-151, New Metallic Alloys for Helmet A lica-
tions * The thickness was Approximt~ly O_060-4fth dte-ensityu~6

lbs.-pe cuje nch. &ad hA ateialwasi~ he nn~ledcondition.-

Alvinum Alloy 2021 4-T41

Aluminm %11oy 2O24-T4 is classified as a high-strength wrought
alloy and, as such, is uied extensively in aircraft and other satrc-
tural applications. In sheet form, tensile strength an4 elongation are
about equal in the transverse and longitudinal directions. It is a
bhat-treatable alloy and. in this case, has been heat treated to od1.tn
the T4 temper (solution heat treated and naturally aged to a substan-
tially staUble condition). The nworal "4" Indicates that the product
has either not been cold worked after heat treatment or applicable
B pecificatiOms do not recognize the effect, of cold work in flattening
or straightening operations after beat treat+mnt.

This material. V"s pr-C-=rz frmm +.he LT S: Armv 0irr-awe~ A'Se..mal,
Watertown, Ma4sachusetts for range calibration purposes. The thickness
vas 0.250 inch and the density 0.100 lbs. per cubic inch. While manu-
facturer and heat are not knowv in this case, it is understood the mater-
"ial 'wets the reQiremnts of Specification QQ-A-355. (See Appendix A.)

The maor difference between the 'O224-'T and 20214-T3 alloys involves
processing after heat treatment. T1hi T3 temper (solUtiod heat treatment
=d cold ivor.id) applies to prod-uct& tt are cold vyirked to incredse

5
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strenU or to proftwts suc as sheet, in which ihe efet, a -cbhs.-an l
properes of straihemin or flattening after heat treatmnt is recog-
nized i2 specifietime•.

Thism terial was pronret frem the U. S. Army Ordinace Arsaeal,
Watertava, Maseasch=,_-ts for ran. calibration purpoees. The dosity was
0.100 lbs. per cbic Inch and the thickess 0.12511'iaj.. While inae erer
and beet are not known, this material is understood to meet the require-
=mts of 3PeCiftestion •-A-355. (See Appendix A.)

AISI 301 Corrosion Resisting Steel

AISI 301 corrosion resisting steel, is a chronium-nickel, austenitic
tYpe. It is nm-nmgmetic, highl dnctile and may be subjected to sever.
forming and drawg @perstions. In the anneAe condition, it has large
ca•1acty for cold work and is similar in this respe&. to Hadfield steel.
The AIBI 301 type is a standard stainless grade for structural applica-
tiom as it comines mLsi strength and excellent workability with other
desirable characteristics. StrePit" is not increased by beat treatenmt,
but my be increased from appro:xiate1y 90,000 PSI to 185,000 PSI by
cold working.

The AISI 301 steel used for these tests was procured by Ccmstock
and Wescott, Izxc.; Cambridge, Mass. for use in Contract DA19-129-QN-620,
Develolment of Metallic Peruganel Armor Materials asl CoaW~nts. It
was purchased C¢UIrcially rither than to Specification QQ-S-00766 (Navy
Bureau of Ships): the heat it not known. The thickness was O.OO: inch,
dis-ity 0.290 lbas. per cubic inch and the mt-rial was in the annealed
condition.

Hadfield Steel

Austenitic amnaganese steel, also called Hagfield steal after its
inventor, is an e3tremely tough, aan-mgfti• c steel alloy eb-acteri-ed
by relatively high strengh., high ductility, large capacity for work
hardeUing and exellent wear resistance. A work hardening cap"acty from
about Rockwell B90 (annealed) to Rockwell C52 is reported. As rolled or
as cast mstfrtal., it is no_-aJ2y given oo "to-Agbenine (annealing) treat -
mnt by heating to approximately 185& and uenaching in water. It is
interestir% to nat, tb bating annealed or Nwrk-bardened mterial
above approxinaately 5uf will cause embrittlevent and ia1p=a=4nt of
desired mechanical prcpervies. The pl.-i7 s of Hadfield stvel are

energy =v required at Flivili low veloe.tie,. For this re-s-n,
Hadfield steel is extensively used in such indrstries as construction,
mifing, quarrying• , deging., and railroading, where it is incorpoaroted
in rock crushers, grinding uills, dredge buckets., railroad frogs, etc.

6
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The Eaf•l-Ald steel reported hboain vas obtained from the U. S. Ai8.
Ordnance Arsslj , Watertovn 72, MassaBchusetts.' The thickness vas 0.055 inch,
density 0.256 lbs. peW cubic inch anM tM mterial vas in the annea.ed
conlition. This steel is understood to be surplus from the World War II
era; suad, altheuh munufae uring data and heat identificatico are not
available, it In vtood to h.ve been puchased to Specification MIL-
A-1,5.9 (ORD). It sxoia'A be noted that Hadtiel3 steel sheet of rela-
tively li gAges Is w it iradiily available in peacetime since the only
knovn use of a light g aterial is by the Arm for --etz. The
U. S. Army Ordnance Arsenal, Watertovn is presently the only known
source of processed material.

7,
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3IFMIHNAL MMOD6

Instrumntation for Missile Veloatýt Meesurement8

The instruetation used in te measurenent of projectile velocities
consists essentially of two major components: (a) two photoelectric-
type detacti=± ezreens aet a known distance apart to detect the paSsage
of the projectile and (b) an electronic interval counter--hronopapb
which indicates the period of time required by the projectile to pass
from one screen to the other.

The screens used to detect the passage of the projectiles are Putter
High Veln&-.ity Lui line screens manufactured by the Potter Instrument Co.,
Inc., Great Neck, New York. These screens contain a light source, photo-
=mltiplier tub•s•, amplifier and output circuits. The action of the
screens is such that passage of the projectile through the plane of light
falling upon the pbotomultplier tube, by decreasing he li-ght. intcity,
produces an electrical impUlae in the output circuit of the photomulti-
plier tube. Following the photomLtiplier tube are three stages of am-
plification which serve to raise the signal level generated by the photo-
tube to a value safficient to trigger the output signal. A thyratron
discharge circuit comprises the output and isupplies a positive pulse of
app.ro.-mtelY 80 vcltz to the chronograph.

The Potter Counter Chronograph consists of a power supply, gating
circuit, counting circuits~ and crstal-contolled oscillator that emits
a continuous train of pulses, with an accuracy of several parts per
million, to the counting circuits through a gating circuit. The pulse
from the output of the first detecting screen electrically opens the
grAting circudit. thus directing the oscillator pulses to the counting
circuit. The counting circuits continue to receive and record the
pulses until the impulse from the output of the second screen closes
the gatiug circuit and terminates the counting action. The counting
circuits consist of decades of mul1tivibrators which register the time
period on the face of the chronograph by mws~s of lighte4 neon bulbs.

The average velocity ("instrumntl1 f1ocit•) of the projectile
in traversing the distance between the 'i ght planes of the two screens
is calculated by dividing the time regiatered by the chronograph into
this distance.

Correction was made. for the reduction it velocity of the missile
J.n :u-red as a result of alir zreLmdation in trafersing the distance from
the midpoint of the_ screen system tc- the target. This correction was
be__-et •n' flight characteristics -.Z the .22 caliber T37 fragment sinn-
lating( ojectile previously determined in the Center's ballistic
range. FT The drag coefficient values and the equation used to calcu-
late velocity at the target are shown.by the following equation:

8
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v.•(1 - kXR)

Where V - velocity at tsrget. feet per second
d - distance between screens, feet
t - tim for projectile to travel distance d

(tim recorded by chronographs), seconds
d _ *strintsa velocity"

x = disu1nce between midpoint of screens and
target•, feet

e - air dezoity (assumed to be unity)
k - drag coefficient (varies vith velocity

-. as follow) :
Velocity, feet

k per scond

0.0028 700
0.0033 800
0•0038 900
0.0013 1000
0.004 1100
0.0050 1150
0o0053 1210
0.0055 130o
0.0055 above 1300

V•jBallistic Resistance Limit

The V5C ballistic test method, an used to evaluate nylon azmor
fabrice for acceptance., vas followed. Thin method is fully described in
A.-.enSdix B of this report. The diagm in Figure 1 shows tbe equipmnt
ar- for determizLW, V5 0 baLlistic resistance limits and missile
velocity 10os dAa. Typical operating distances between elements are
2-1/2 feet between screaes 2-1/2 feet between the target and the nearest
screens, and 4 to 6 feet between the gn and the first screen. This
method of ballistic evaluation determines the velocity at which there is
a 50 p•e Gent statistleal probability of the armor defeating the inct-
ing missile.

RnryAbsorption

'Te energy absorbed by a zaterial in retarding a miaeilc ptaZ=Ang
throMgh 1t was aasmud to be equal to the loss in kinetic energy of the
misfle. Pairs of l3tlini'screen were installed in front of and be-
hinA the target mtexial in order to datezuiae the velocity of the ads-
sile before and after penetration. The missile kinetic energy lobs wax
calculated frou measuwzments of the striking an# .ýezid•ua velocities of
the missile and in equal to tb -tnroduct of one -haf the -&%ght of he
missile and the difference in the squares of tV,.i striking 9a2 residual
velocities (aBs"Izsg no change occurs in the 41hý.it of the jwis I.!.
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The energy CydeAra by the arema (surfac) density of the atefnal,

When platted so a funmction of the strikin relocity, enables osxpertsa
to be mad. NetWe a'ateflmala of ditffernt areal densities.* The eser
abeorpt!on (resaila kinetic energy l&se) divided by the Bfl&. uanity
of the aterima2 to expreusse ma grains times ft. 2 /an0.2/... ft.*2

Teat Sgales

The sliv of tert4. esqlloa for sot matflmalz touted vas approuimately
12 3t,15 inches sAd mouted in a frS fusing the gin. Three @laeft an
ncla of t0. Nvrtical (12-inch) sifts beld the material firmly in the
trwess during firing. Individual firings were ajuset at tvo-iach later-
vals = the teat matria3. by mwring tUe frame in either a lateral or
vertical direction. In, ease Ame the aaq2e aim wans ehhaloately
32 z 12 tasee (etam or he sateal),, am si~eus MelA In te target
firiS b I2, thre ajT. e fhee-I*- a,4 ewaý eha-i. aEtv__

boa, and two clamps. The sam"e sie used for window g"a MAS Platiglas
v*;' thraa-imeh qn.T-"" =T-:uns wsr 3Ain- metaffl fre with
twutlve mieane 2a3A4 x 2-94k A w1s Pln~. Rhbera '*om"'t.x tac ca=c
oap~rnng wasM used to held the igurme * This fress was elan'e4 in the

tsarget frame in the amt faehlonj &as tbo tOP v 15 i~lr, ýbph

Thu areal (surface) daneity dateratnaticas of the textile fabrics
jWIo SMW by weighing tno-ioAm die.-ut sqares in ansmaslytical balmase.

TMo anaul ben~st ior ofetallic ead. plastic atciAla are detetats
vidt to 73einch. Thickneess of samples (axeept for fabrics) was wasa-

urre! -to 0.00) lrv't by a microzarter cr 441e. gAiu thlrknfsee inAifatCrn.

All bal!Unttz testing was carribck out; wlt- theý .2P ermliber, 17
groin frspry-ntt aimuilateu. A eketicb "L' +1j6 projlectile i'a~v in
Api .iAix B. This projec-tile varn Tirnd by .22 c~al~iber rifle.: a U. S.
tSp,,ingfi.ild Airzry 91.92Q2 Wwfts itih-d la t-h- nijci~ty range up to approxi-
rntely 2;,00 feet per secand and aL Vitnte&ater model 43 Hornet was Used in
thce rangoý of 2M0 'to 40()0 fcat pwr ee:i.The -iMax, with the stocks
renyived, were b&'d bhy a Apilt- cciranag rt- rigidly wxated onI a
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RIXSUVS

The results are presented in graphical form as Figures 2 through
11. The first eight graphs present the individual results for each
valid round with the energy absorbed (loss of missile kinetic energy)
dividd by the areal density of the material plotted against the mis-
silo-striking velocity. Figure V shows nine curves reprozaiting the
individual materials plotted in the sam fashion. Figire 31 shows
curves of V5,D ballistic resistance limits vs. areal density for four
of the nine mAt4erils rort on herein. These were taken fros
Aberdeen Proving Gromd&at. c Superiposed on Figure 10 are indi-
vidual V ballistic resistance limits obtained for the materials
used in & energy absorption tests.

The degree of scatter indicated in Figures 2 through 9 is not
uniform for all nine mater-.als. Nylon fabric and the titaniuu alloys
show greater scatter than the other materials. The region of high
scatter for the titani um allo,-Y appears to be confined to the striking
velocity range of 1800 to 2400 feet per second, qS-o -q-4-- 0.....

of scatter are:

a. Non-homogeneity of material (e.g., a woven fabric struc-
ture may not have the saei number of yarns struck each time by a
missile)

b. Error in calculated velocities due to change in drag
coefficient as the result of misaile deformation. Extensive missile
deformation wan noted in the case of glass, titanium alloys and Had-
field steel; no deformation was produced by the other materials.

c. Error in calculated velocities due to premature trigger-
ing of screens by armor fraents. Missile impact produced armor frag-
ments to some degree for all materials except nylon fabric, nylon
batting and Doron. Numerous fragments were produced upon all impacts
with glass and Plexiglas. A cylinder was punched out of the aluminum
alloys with each round fired. In the case of the titanium alloys,
stainless steel and Hadfield steel, the tendency was for the metal to
petal. i.e., the impacted area, deforming to the rear, tore into
several sectlous but remained attached to the sheet. However, "petals"
were ejected very aften from the titanim alloys and stainless steel
sheets and infrequently from the Hadfield steel. Prior work conductad
with lightweight m-terials pla-cdd in back of the target materials to
"filter out" the armor fragments showed that the energy absorption
characteristics obtained with and without the "filters" were the same.
Results for individual rnmds which were obviously erroneous (attributed
to premature screen triggering) were discarded. Only a small number of
such results were obtained.

The ure of the r~tiL of energy absorbed to the areal density instead
of energy absorbed appears to reduce the results to a comon basis

CONFIDENTIAL



CONFIDENTIAL
regardless of arval density, since the results for the sam material
tested in diffeormt areal densities appear to be the same. (See
Figures 2 and 3 tir nylon cloth and nylon batting.) This rtio's
apparent independence of areal density vill be further investigated.

The energy absorption per unit areal density varies with striking
velocity for all mtarials. Figure 30 shows that the shape of the curves
are, to varying extents, cczcave upwrd e fors t linear relation-
ships plotted, for Hadfield and stainless steels. Two mterials show

(nylon fabric and. nylog batting). c aoat effective energy
absorbers at the lower end of the velocity rae standard (below 1600
feet per second) are nylon batting and nylon fabric. The batting is
distinctly superior to the fabric at low velocities, equivalent at
about 1700 feet per second and only slightly superior at higher velo-
cities. In the-11termediate velocity range of 1600 - 2600 feet per
d-cmnd, the titanium alloys are the best materials evaluated. Aowve
2600 feet per second., glass is the beat =ergy absorber. Extrapolation
of the curves "eyond. 400 feet per second indicates that additional
crossing of the curves my occur and that nylon batting, aluminum 2024
and Plexiglas II-UVA may be among the be.st energy-absorbing materials.

The V50 ballistic resistance limits for the nine materials are
plotted on Figure U2 which also shows VY5 ballistic resistance limits
vs. areal density curves for four of the nine materials. (All VS0
"liits shown are for the .22 caliber T37 fragment simulator.) Of the
four materials, the observed V50 limits for the aluminum alloys cmnd
Hadfield steel fall slightly above the curve! representing.the Aberdeen
Provi-id Gr•uAC. daata. A cdmusoi of the four c~rves shows that, over
the areal density range of 10 to 60 ounies per scuare foot, albinum
202,-3 is distinctly inferior 'to the a',hc-r three. Hadfield steel ap-
proaches Doran and nylon fabric at about the iille of the areal density
range. Nylon fabric is better than Doron below 36 ounces per square
foot; Doron is better above this areal density. Nylon batting is
slightly better than nylon fabric. (Two V5 0  limits of 1073 and 1016
feet per second for an areal density of 6.7 ounces per square foot are
not shown by Figure U..) Stainless steel 301 is intermediate betLvn
Hadfield steel and aluminum at the one areal density shown. Titanium
alloy Ti-I4OA at 24.5 ounces peW square foot has a V50  limit approxi-
nately equal to that of nylon fabric. Titanium alloy A-llOA2 is in-
ferior to nylon fabric at 24.0 ounces per square foot. Plexiglas II-
UVA has a Vr limit at 24.5 ounces per square foot approximately equal
to that of 2lmnum 2Q024-T3 and 2024-TI. Glass has a very low V5
limit of 392 feet per second at an areal density of 26.0 ounces per
square foot (not ghown on Figure 11)..

Materials that have high bae-listic resistance limits and high
energy absorption (somewhere within the ares. &-unity and striking
vTlocity rans studied) are nylon cloth, nylon batting and the
titanium allos. Glass is a material with an exceptionally low V50
limit but high energy absorption.

15
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The three most effective
energy absorbing materials
are well suited as components
in composite armor since each
material is most effective
over cifferent pocrtions of
the missile velocity range.
Titanium alloys, glass and
nylon textile materials will
be tested in two- and three-

Dq. 9 T component systems to determine
combinations that are more
effective than single materials.
To obtain optimum ballistic
resistance characteristics in
armor, each component, ac-
cordiizg to the present concept
of composites, must be selected
and positioned so that it op-
poses the missile in the
velocity range where it is
the most effective missile-• •/•/••.•,A•.•," retarding material. For

STexample by reference tU

"........... Figure 10, if the missile to
v': T,..WIWLO IM(L, I" 01IQ FT

4M.......L....i. 0...t.... be stopped has a velocity of
2000 feet per second, the
components selected would be

4V (a titanium alloy positioned
(oveo n1 in front and nylon batting

in the rear of a composite.
Figure ll. VzO Ballistic Limit of
Armor Material; for Caliber .22, 17 The proportion by weight
Grain Fragment Simulator of each component in a com-

posite system can be approm
imated from energy absorption data by calculating: (1) the -- vm•t of the
front component required to reduce the striking velocity of the missile
to the velocity where the energy absorption curves for it and the adjacent
component material intersect, (2) the amount of the intermediate components,
in the same manner as the front component using the raduced missile
velocity as the striking velocity for this component, and (3) the amount
of the rear component required t; reduce the missile velocity to sero.

Tests to verify synergistic effects and component weight proportions
of comnposites will include V ballistic resis•&ice limits and energy
absorption determinations. We results of these tests will be reported
in the near future.
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A1PMIX A

PROPmIQ OF XM IALS

Titaniu ALI M A-11oAT
.:-: .... As Specfed.e4 ina

beavs, C ONosition XI--22ý AO Res Cru(b)

Alvainvu k.0 - 6.0 4.6

Tin 1.5 - 3.5 2.7

Iron 0.20 Max.

Caxbon 0. 10 Max, 0.10

Nitrogen 0.070 Mx. .6

Hydrogen 0.0175 Max. o.0o48

o03gen 0.20 Max.

Other 0.80 Pax.

Titanium Remainder

(a) military specification MiL-'f-o009046(ASG) Titaniuzm Alloy., Sheet and.
Strip.

(b) Rem-Cru Titanium, Ina., Midland., Pa. certified analysis.

Mechanical Pjr trties As Specified In
)fL~-T-0090146(AsG)_(a) Rem-Cru(d.) Typical (c)

Tensile at-:vagu,!z (PSI) 12WW Min. 136.,000(b) 125pO

Yield. sat:ngth (PSI)
(.2 offset) lin•poo Min. 132,000(b) 2Cý=

Elongation (1) 1 Min. 17.5 18

V Notch Charpy Izpact

ft-lb at 7516. 19

ft-lb at - 40!0. i1

Hasrdnes (Rockwell C) 30 - 35

Footnote on next .pav.
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(a) Th miximi diffarowec bare ultimate t---i WAW Y.L A

streogth ahm11 b" 3.WO P&I. -- JJ

(b) It vili be oltld. tat th mterial *oes not met tb, uiuiu d&Iffer-

ewce of 19M0 P8 betvem tonsile and. yield, strength.

(e) fem-ru TMtenia, Ine., IidlsM, Pa.

(d) JRm-Cru certified tests.



Titanium Ailoy Ti-1110A As S .p-itfl In Naval Gm'n

Irn 1.0 - 2.5 1.96

Chroiu 1.0 - 2.5 1.72

•M0Adena% 1.0 - 2.5 1.95

C o0• .2D Max. 0.06

Nitrogen o.7o Max.

Hydrogen 0.0150 max.

oxygen 0.20 Max.

Others 0.80 Max.

Titanium Reuindaer

(a) Military Specification NIL-on 0T-906(ASG) Titanium Alloy, Sheet
and Strip.

kD) See Section Materials Tested.

As Specified In Naval Gun
NIL-T-W9046 Factory

Mechanical Propertier. (AN.) (a) Tests(b) yia()

Tensile strength (PSI) 12•9CO kin. 114)o0 L- 130,O -

Yield. Strength (VU) llWMi 36;8WO I- 12QPOO
(.2 offset) 13SXJ 13DOO0

Elongation (%) 10 Min. 1i .5 L- 12.5T 12 Min.

V Wotch Ebarpy Impact:

ft-lb at 75-07. 22

ft-lb at -40 0 F. 18

Hardness (Rockwell C) 30-34

a---Tbhe usiu difference between ultimate tensile strength and yield
strength sball be 1Q00 PSI.

(b) It will be noted that this material doea not meet the minimum
&fferwr• of 1AOMO PSI between tensile and yield.

dc) L r. la2gitudinl T a tranverse.
kd) Titaidti Wat!ilz Corp.: Nov Yok, Nov York.
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Allan Aly 9O~-~As Specified In

*~ wwsica1osto QPQ-A-352 (a)

Magnesium 1.2 - 1.8

Cope 3.8 - 4.9

Imn.sse 0.3 - 0.9

Cbramiwa 0. 10 VAX.

iron 0.'50 Max.

Silicon 0.50 Max.

zinc 0.25 Max.

Others (each) 0.05 Max.

Others (total) 0.15 max.

Aluium Reikinder

(a) Feda, l Specification QQ-A-355 Aluminum Alloy (2h8), Plate mnd Sheet.

,mchazica. Proerties As Specified In

Tensile wtrelhgth (PSI) 614,OW-Ain. 6Eý~00O

Yield strength (PsI)
(.2%••ffset) I4qjO K. 'K

longation () 12 Kin. 20

V Notch Charpy impact

ft-lb. at 757. 12

ft-lb at -1o0P. 12

(a) 'otals Hendook, Aericma Society for *Asa.s, 19W8.
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Alsalma Allay aDWb43

ad

Yields~te *I'th (MZ) SfO~.7

flamstCm(% Ml17iMU 18

v suba uaqv-

N~.at loof. 1

__-(m)) 3o-U- "UMl &&--305 AItusam azor ("§e) Miato MA

86*"



A. .1tt It 0g

Cwfla015 pug ~ 008

N136av0 miA. 26.00 - 18.0o

Um,0 max a.0 m

Tonmilaa.. ti~&t (PT 5, a. 1,00km.

r11danr~- (11) ~
(0.2w offset -- l~ Aa0M0a0

Pkte, atbn%. ato t4'lp 6orr92 Rnlfltn

Ib) rtul Zft~r Stanle&ss* Minie. Sf00ý, Republi Steel Corp.,

Ohia.

Tena~s itrjth (WIT)25,0 n.'OO



m-LA-1325((RD) a

Cal%= 1.f0 - 140

lilleem ws 0.08 hX.

-ufu 0.04, ax.

ie1 tngtz(Pis) 50u= t%=00

I'mttlft ho) 4-60

Nardnesse (Rockweii B) 85-93

V Notch Charpy Iuwpawt

it.7.. F- go. *. 50

(a) Metals "damhok, Amenrican BOoiey f or Mettle Iik98. (Ajpplicabl~e to
i-inch rmud.s.)

N~f:The Quarttzrmstur ME CozAmn plea. to perform cemnical nanlyzns
and mecboActal property teets on x*tzle as a general procw.aura in
ti-jo rut~wo. Faci~lties to perform the aoaljnsk Wayd not ccmplet*4
at the time this report vasn assntlbnd.



APPKIX B

T3 HIM=0D 1O V•g BALLISTIC RBSISTAW.ZJ CX

B&listic Limit. The ballistic limit, VSO in feet per second,
expresses % e of armor in resistiQ paetration of ballistic
missiles. The TV5 limit is the calculated velocity of the tst projec-
tile at which the prWbaLility eiists iiat fify per cent of %be projec-
tiles will completely penetrate the armor and that 50 per cent of the
projectilee will be stopped or defeated by the armor. A comlete pene-
tration ocurs when a test projectile passes through the test 1 andl
makes a hole in a witness plate Uebind the test panel. A partial pene-
tration. which is a defeat of the missile, occurs when the test projec-
tile either is stopped by the test penel or passes tbrough the test
panel but do& not mnks a hole in the witness plate.

Te A ProJeecJte. The test projectile shall be the caliber ;22
T3 fragant siwmlator (see Figure 12), The test projectiles shall be
segregated into classes on the basis of flange diameter with measure-
ments made to 0.001 inch. All testing on one panel shall be limited to
one size of projectile.

F'rinM of Test Projectile. The gun and auxiliary equipment sup.-
plies (dartr cases. w , propejlant, weighing equilpmnt, etc.)
utilized in the firing of the test Projectile shall permit the firing
of the test projectile at approximately the velocity selected for each
round. Propellent shall be weighed to 0.1 milligram.

Aistance and Time MEasurig IquimLent and Methods. Equipment and
"thie ieth. used. to dtermilne distances (between observation points and
test% panel target) shall be accurate to 1/16 inch. Equipment and
methyl uped to deter-i.d time -,eqUired for the projectile to travel from
the first observation point to the second (to determine velocity of pro-
jectile) shall be capable of accurate measuremtn to 0.01 millisecond.

Witness Plate. The witness plate shall be a 0.020-inch thick sheet
of ZOMTý1u~mim= slloy placed six inches behind and parallel to the
test panel.

Method. The ballistic test is conducted in such a manner so as to
obtain a sufficient number of rovwds within a narrow velocity range and
with pertiel penetrations alternating with complete penetrations. The
first rouni ii loaded with an amount of propellent sufficient: from
prior experience, to result in a pro.jectile veluvity approximtely that
of the V5 0 ballistic limit specified for the material. If the first
round results in a comlete penetration, load the second round with
slightlY less propellent to produce a slightly lower projectile velocity

*krtracted from Specification XIL-C-1236B,. Cloth Nylo,, for Aaor,
"dated 11 Septeter 1957.
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in an attempt to obtain a partial penetration. If the firrt round re-
sults in a partial penetration, load the second roimd with slightly more
propellent to produce a slightly higher velocity in an attempt to obtain
a complete penetration. Continue testing using this up-,w..d---down method
(up on a partial penetration and down on a complete penet:ration) until
sufficient number of complete and partial penetrations have been obtained
to permit the calculation for ballistic limit, V5O.

& Lt - The V50 limit for each test panel shall be the
average of the velocities recorded for ten fair impacts consisting of the
five lowest velocities recorded for complete penetration and of the five
highest velocities recorded for partial penetration provided the spread
for the ten velociti s used is not greater than 125 feet per second. In
cases uwhere the spre.ad is greater than 125 feet per second, the V5 0
limit shall be the average of fourteen fair impact velocities consisting
of the seven lowest complete penetration velocities and of the seven
highest partial penetration velocities. All velocities used in these
calculations shall be striking velocities calculated at the pcint of
initial contact with the test panel. The value of the test projectile
drag coefficient used in the striking velocity calculation shall be that
determined by the Ordliance Corps. A fair impact results when an unyawed
projectile strikes an unsupported area of the test sample at a distance
of at least two inches from the edge and from any other point of impact.
Phe Vi0 limit for the lot shall be reported as the average of all panels
testsfrom th..... l

NOTE: An example of test equipment and operating procedures is
given by the Aberdeen Proving Ground report dated 1 April 1953, with
revisions, "Operating Procedure for the Ballistic Acceptance Testing
of Vest, Armor, M52-3A and Sim...ar Materiel with Projectile, Fragment
Simulator Caliber .22 T37."
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Figure 12. Caliber .22 T37 fregmnt Gimzlat i, qtel 1020 tockwell
C 29-31, weight - 17.0 .5 nrais
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